The subfornical organ (SFO) is a circumventricular organ with a chemosensitive function, and its vessels have no blood-brain barrier. Our study investigated the glial and vascular components in the SFO to determine whether their distributions indicate subdivisions, how to characterize the vessels and how to demarcate the SFO. To this end, we investigated glial markers (GFAP, glutamine synthetase, S100) and other markers, including vimentin and nestin (immature glia), laminin (basal lamina), β-dystroglycan (glio-vascular connections), and aquaporin 4 (glial water channels). We determined that the 'shell' of the SFO was marked by immunoreactivity for S100, GFAP and aquaporin 4. Nestin immunoreactivity was characteristic of the 'core'. Vimentin was almost evenly distributed. Glutamine synthetase immunoreactivity occurred in the shell but its expression was sparse. Vessels in the core were decorated with laminin but showed a discontinuous expression of aquaporin 4. Vimentin and GFAP staining was usually in separate glial elements, which may be related to their functional differences. Similar to other vessels in the brain, β-dystroglycan was detected along the shell vessels but laminin was not. The gradual disappearance of the laminin immunopositivity was attributed to the gradual disappearance of the perivascular space. Thus, our findings suggest that the shell and core glio-vascular structures are adapted to different sensory functions: osmoperception and the perception of circulating peptides, respectively.
Introduction
The subfornical organ (SFO) is one of the circumventricular organs in the brain, situated on the ventral surface of the fornix. For a general definition and description of the circumventricular organs, see, for example, McKinley et al. (2003) , Vígh et al. (2004) , and Sisó et al. (2010) . Since the circumventricular organs have chemosensory and/or neurosecretory functions, they require free access to cerebral blood; i.e., they lack a blood-brain barrier (except for the subcommissural organ). Their vasculature is characterized by fenestrated capillaries and relatively large perivascular spaces into which dendrites and axons project (Dellmann 1998; Gross 1991; McKinley et al. 2003) . The role of the SFO is well studied in terms of the perception of osmolarity, plasma sodium concentrations and angiotensin II levels, as well as with respect to signals for the central regulation of salt-and volume-homeostasis and blood pressure (for recent reviews see McKinley et al. 2003; Vígh et al. 2004) . Receptors for further signaling polypeptides have also been found; for example, amylin, cholecystokinin, ghrelin, glucagon-like peptide-1, leptin and vasopressin (reviewed by McKinley et al. 2003) .
The SFO is positioned below the ventral hippocampal commissure (Paxinos and Watson 1998) where the choroid 575027J HCXXX10.1369/0022155415575027Pócsai and KálmánShort Title research-article2015 plexuses of the lateral and third ventricles converge. The choroid epithelium here continues into the SFO ependyma (Dempsey 1968) . Its postero-dorsal surface is a pial surface (Gross 1991; Spoerri 1963) , whereas the ventral surface is ventricular, and its anterodorsal surface contacts the ventral hippocampal commissure. Thus, the SFO faces three compartments: the cerebral tissue, the ventricle and the subarachnoid space. From the main part of the SFO, the ventral and dorsal protrusions extend, like 'stalks' of the organ (Akert et al. 1961) . The main artery of the SFO is the subfornical branch of the anterior cerebral artery, which reaches the SFO from a caudal direction. For a detailed description of the vascular architecture of the SFO see Spoerri (1963) .
Revising the former, rather complicated subdivision systems of the SFO, McKinley et al. (2003) considered it sufficient to distinguish a 'core' and a 'shell'. The shell is continuous with the ventral and dorsal stalks, and it is rich in neurons providing the majority of the efferent fibers of the SFO, whereas axons from the core course mainly to the bed nucleus of the stria terminalis. Calbindin-immunoreactive neurons have been found exclusively in the core, whereas calretinin-immunoreactive neurons are confined to the shell (McKinley et al. 2003) .
The present study investigates the glial and vascular components of the SFO according to the following questions: i) How does their distribution indicate subdivisions; e.g., shell versus core? ii) How are the vessels of the SFO distinguished from the 'common' cerebral vessels? and iii) How can one demarcate the SFO from the adjacent cerebral tissue and from the ventricular and subarachnoid spaces?
To this end, we investigated various substances (see also Table 1 ). Laminin is a ubiquitous, major component of the basal laminae (for its role in brain vessels, see e.g. Hallmann et al. 2005) . Laminin immunopositivity, however, is not detected in the vessels in the mature brain, except in the Virchow-Robin spaces and in vessels of the circumventricular organs (Krum et al. 1991) . Dystroglycan, on the other hand, plays an important role in glio-vascular coupling Wolburg et al. 2009 ). It consists of an α-and a β-subunit. The α-dystroglycan subunit is an extracellular protein that binds to laminin and other components of the basal lamina. The β-dystroglycan subunit is a transmembrane protein that anchors the α-dystroglycan to the membrane of the glial (or other) cells. Its immunoreactivity delineates the brain vessels but not the extracerebral ones (Szabó and Kálmán 2008; Uchino et al., 1996; Zaccaria et al., 2001) .The other end of the β-dystroglycan subunit forms a complex with dystrophin, dystrobrevin and other proteins. The complex integrates aquaporin 4 water-channels, ion-channels and signaling systems. Aquaporin 4 is the major form of aquaporins in the brain (Venero et al. 2001) . It plays a crucial role in cell volume homeostasis.
Astroglia produce basal lamina in the central nervous system (Liesi et al. 1983; Jucker et al. 1996) , their vascular end-feet contain the dystroglycan complex Wolburg et al. 2009 ) and they induce the formation of the blood-brain barrier (Janzer and Raff 1987; Abbott 2002) . The widely accepted immunohistochemical marker for astroglia is glial fibrillary acidic protein (GFAP) (Bignami et al. 1980) , an intermediate filament protein. However, according to several studies, not all astrocytes can be detected using GFAP. It is useful, therefore, to examine other astroglial markers, such as glutamine synthetase and S100 protein (Ludwin et al. 1976; Martinez-Hernandez et al. 1977) . We also investigated staining for vimentin and nestin, proteins that occur in immature glia (Dahl et al. 1981; Hockfield and McKay 1985; Zerlin et al. 1995) . Nestin may be particularly relevant, as it has recently been reported to play a role in adult neurogenesis in the circumventricular organs (Bennett et al. 2009; Sanin et al. 2013; Wei et al. 2002) .
Materials & Methods

Animals
Fourteen adult rats (Wistar) of either sex weighing 250 to 300 g were used. The animals were supplied with food (rat chow from Charles River Laboratories; Wilmington, MA) and water ad libitum, and kept on a 12/12 hr light-dark cycle. All experimental procedures were performed in accordance with the guidelines of European Communities Council Directive (86/609/EEC).
Fixation and Sectioning
The animals were deeply anesthetized with ketamine and xylazine (20 and 80 mg/kg, respectively, i.m.) and perfused through the aorta with 100 ml 0.9% sodium chloride followed by 300 ml 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4). After perfusion, brains were removed and post-fixed in the same fixative for one day at 4°C. Tissue blocks containing the SFO were embedded into agarose, and serial sections (thickness, 50 µm; 5-6 sections per animal) were cut by a vibration microtome (Leica VT 1000S; Leica Microsystems, Wetzlar, Germany) in the coronal (11 animals), horizontal (2 animals) or sagittal (3 animals) planes.
Immunohistochemistry
Immunohistochemistry was performed as previously described Pócsai et al. 2010) . Briefly, floating sections were pretreated with 20% normal goat serum diluted in phosphate-buffered saline (PBS; SigmaAldrich, St. Louis, MO) for 90 min to block the non-specific binding of antibodies. This and the following steps were followed by an intensive wash and stirring in PBS (30 min, at room temperature). Primary immunoreagents were diluted as shown in Table 1 in PBS containing 0.5% Triton X-100 and 0.01% sodium azide. Sections were incubated for 40 hr at 4°C. Fluorescent secondary antibodies (Table 2) were used at room temperature for 3 hr. The sections were finally washed in PBS (1 hr, room temperature), mounted onto microscope slides, cover-slipped in a mixture of glycerol and double distilled water (1:1) and sealed with lacquer. Control sections were treated identically, except for the omission of the primary antibody. No structure-bound fluorescence labeling was observed in these specimens.
Double-Labeling Immunofluorescence Reactions
Antigens were detected simultaneously using primary antibodies of different species (see Table 1 ) applied in parallel in the same incubation medium. The protocol was as described above.
Endothelial Marker, RECA-1
The presence and position of the vessels were identified using the endothelial marker RECA-1 (Duijvestijn et al. 1992; Maolood and Meister 2009) . In some experiments, RECA-1 immunolabeling was combined with other immunostaining, either simultaneously or subsequently (in a separate immunohistochemical reaction on the same specimen), and these cases are indicated in the Figure legends.
Confocal Laser Scanning Microscopy and Digital Imaging
Slides were photographed by a Radiance-2100 confocal laser scanning microscope (Bio-Rad; Hercules, CA). Green and red colors on the photomicrographs correspond to the emitted colors of the fluorescent dyes, as shown in Table 2 . Digital images were processed using Photoshop 9.2 software (Adobe Systems; Mountain View, CA) with minimal adjustments for brightness and contrast.
Results
Laminin-β-dystroglycan Double Immunolabeling
In sagittal sections, the three surfaces of the SFO were recognized: the pial, the ventricular and the 'cerebral' or 'parenchymal' (fused to the ventral hippocampal commissure) surfaces (Fig. 1A) . Two thin extensions of the SFO (stalks) were observed extending dorsally and ventrally 'double-walled' vessels, with two laminin-immunopositive layers. The outer layer shows β-dystroglycan immunoreactivity (green plus red or yellow). Arrowheads also indicate 'double-walled' vessels, with two laminin-immunopositive layers, the outer layer shows a weak β-dystroglycan immunoreactivity [yellowish color, note the identical vessels in (D and E)]. Scale (A-C) 100 µm (also for the insets); (D-F) 50 µm; (G) 25 µm (also for the inset).
( Fig. 1A) . At the border between the ependymal and pial surfaces, the choroid epithelial lamina was attached to the SFO. The pial surface was lined with laminin and β-dystroglycan-immunoreactive layers ( Fig. 1A-1C ). This surface formed in-foldings into the substance of the SFO (Fig. 1A-1C ) from where laminin-immunoreactive vessels entered the SFO. Around these vessels, perivascular spaces were found as continuations of the subarachnoid space ( Fig. 1B and 1G ). In small vessels, the perivascular spaces were narrow and therefore the vessels seemed to be 'double-walled' (Fig. 1D-1I ). In the deeper vessels, perivascular spaces were not visible and their 'wall' was a single layer.
Four types of vessels were distinguished (Figs. 1, 2):
Type (a)'double-walled': two laminin-immunopositive layers enclosing a perivascular space, but only the corresponding monochromatic photo showed a weak β-dystroglycan immunoreactivity along the outer 'wall'; Type (b) 'double-walled': two laminin-immunopositive layers similar to Type a) but the outer 'wall' showed immunoreactivity for β-dystroglycan;
Type (c) 'single-walled': immunoreactive for laminin and β-dystroglycan, but no detectable perivascular space; Type (d) 'single-walled': immunoreactive only for β-dystroglycan, as for other vessels throughout the brain.
From the central area of the SFO heading toward its periphery, the vessels gradually changed from Type (a) to Type (d), although the intermediate Type (c) was relatively less frequently observed. The 'stalks' had only Type (d) vessels. Horizontal sections ( Fig. 2A, 2B ) better demonstrated the distribution of the different vessel types and revealed large 'holes' not only in the middle (see Fig. 1 ) but also in the lateral part of the SFO. The immunostaining of their 'walls' (laminin plus β-dystroglycan) indicated that they were in-foldings of the pial surface (see also Fig. 1 ) and surrounded large vessels. We used an endothelial marker RECA-1 (Fig. 3A-3I ) to confirm that the laminin-and/or β-dystroglycan-immunoreactive 'walls' really surrounded vessels. RECA-1 immunopositivity was found within both laminin-immunopositive layers ( Fig.  3D-3I ), whereas the β-dystroglycan immunoreactivity was found outside of them ( Fig. 3C and 3F-3I). 
Immunostaining against GFAP, Vimentin, and Co-localization with β-Dystroglycan and Laminin
GFAP immunoreactivity marked the peripheral shell of the SFO, which included the large lateral vessels (Fig. 4A ) and also the dorsal and ventral stalks. In the rest of the SFO (termed the core), GFAP-immunoreactive processes were seen only around vessels and the large middle 'hole' (Fig. 4A  and 4D ). Vimentin immunoreactivity was quite evenly distributed in the SFO (Fig. 4B, 4C ), usually in long glial processes ( Fig. 4B and 4E ). The ependyma was also intensely immunoreactive for vimentin ( Fig. 4B ): the cells were cuboidal laterally (shell) but flat in the center (core, Fig. 4B ; see also Fig. 5A , 5B). When we combined β-dystroglycan immunolabeling, which delineated the vessels, with either vimentin or GFAP immunostaining ( Fig. 4C and 4D , respectively), it was clear that every vessel had a glial cover. Both the laminin-immunopositive and -immunonegative vessels have perivascular glia, which was determined using immunostaining against RECA-1 (Fig. 4G, 4H ). The structures of the perivascular glia were, however, variable. The immunolabeled perivascular glial sheaths were continuous in the shell but not in the core (see, for example, Fig. 4F ). The co-localization of vimentin and GFAP was relatively infrequent. Long vimentin-or GFAP-immunoreactive or double-labeled glial processes extended into both the ventral stalk (Fig. 5A ) and the dorsal stalk (not shown). The perivascular glial sheaths were continuous in the shell (Fig. 5B, 5C ) but, in the core, they seemed to be loose and discontinuous, even when both glial markers were together, and were either formed by club-like processes (Figs. 4F, 5D ) or by an onionlike organization of processes (Fig. 5E-5H ).
Cell bodies giving rise to perivascular glial processes were only occasionally observed. GFAP-immunoreactive processes originated from parenchymal cell bodies ( Fig. 5B  and 5F ), whereas some of the vimentin-immunoreactive processes originated from ependymal cells (Figs. 4E, 4F , 5B). The proportion of the vimentin-and/or GFAPimmunoreactive perivascular glial processes was variable. Even where GFAP predominated, there were processes that were immunoreactive only for vimentin and vice versa (Fig.  5E, 5F ) but GFAP and vimentin were only infrequently colocalized in the same process. The presence of vessels within the glial sheath was confirmed by immunostaining against RECA-1 (Fig. 5C, 5G, 5H ).
Other Components: Glutamine Synthetase, S100, Nestin and Aquaporin4
The glutamine synthetase-immunoreactive cells had short, thick processes. They were seen mainly around the large lateral vessels but too scarcely to delineate a territory (Fig. 6A) . S100-immunoreactive cells marked the shell (Fig. 6B, 6C) , similar to the GFAP immunoreactivity (Fig. 4A) . The core was almost completely S100-immunonegative (Fig. 6C) . Some glutamine synthetase or S100-immunoreactive cell bodies had GFAP-immunoreactive processes (Fig. 6D-6F and 6G-6I, respectively). Both S100 and vimentin immunoreactivities were found in the ependymal cells but, in the cell bodies, S100 predominated, whereas in the processes, vimentin did (Fig. 6J-6L) . The nestin-immunoreactive processes formed groups around the vessels in the core (Fig.  7A ) but they were almost absent in a shell-like area (Fig.  7A ). Nestin and vimentin double immunolabeling (Fig. 7B) revealed that the nestin-immunoreactive glial processes were also vimentin-immunoreactive. The pial surface was free of nestin-immunoreactive processes. A densely packed aquaporin 4 immunoreactivity marked a shell (Fig. 8A, 8B) , similar to the immunoreactivity of GFAP or S100 (Fig. 4A and 6B, respectively), but aquaporin 4 was confined to the vessels in the core. Along the vessels, aquaporin 4 was continuous in the shell but discontinuous in the core (Fig. 8A-8C ). Staining was intense in the cuboidal ependyma of the shell (Fig. 8A-8C ), but the flat ependyma of the core was almost totally immunonegative ( Fig. 8A-8C ). Aquaporin 4 immunoreactivity was also seen along the pial surface (Fig.  8A, 8B ). Comparing the distribution of the immunoreactivity of aquaporin 4 to that of vimentin, co-localization was scarce (Fig. 8D-8G ). For GFAP and aquaporin 4 double immunolabeling, the co-localization was complete around the vessels in the shell, whereas it was only partial around the vessels of the core (Fig. 8H) . 'Shell' and 'Core' Immunoreactivity for S100, GFAP and aquaporin 4, but not vimentin, clearly define the shell and core regions in the SFO. GFAP (Kálmán and Hajós 1989; Goren et al. 2006) and aquaporin 4 (Venero et al. 2001; Goren et al. 2006 ) have previously been detected in the SFO, but the shell-core distribution has not been described. In our previous study, Wisteria floribunda lectin binding also marked a shell-like territory (Pócsai and Kálmán 2014) . It is notable that the landscape of the SFO depends highly on the section level; indeed, the most rostral and most caudal frontal sections may reflect the shell structure without a considerable portion of the core. This estimate of the distribution of the shell and core can be seen in the sketches in Figure 9 , which summarizes the results.
Discussion
Glial Immunostaining Patterns Can Separate
Glutamine synthetase-immunoreactive cells were too scarce to delineate the shell. However, Berger and Hediger (2000) found that the immunoreactivity of the glutamate transporter GLT-1 delineated a shell in the SFO, whereas, for another glutamate transporter, GLAST, immunoreactivity was found throughout the organ. The scarce occurrence Glial processes in the core were selectively labeled for nestin, which co-localized with vimentin. Nestin has been shown to form co-polymers with vimentin (Eliasson et al. 1999; Marvin et al. 1998; Menet et al. 2001) . Bennett et al. (2009) found that neurospheres can develop in vitro from nestin-containing SFO cells (also immunopositive for GFAP and vimentin), and that S100-immunopositive cells took up bromdeoxyuridine, indicating neurogenesis. The long processes we observed may have a guidance function, like radial glia, in this case.
New Elements of the Glial Architecture
Usually, tanycytes and astrocytes are mentioned as characteristic glial elements of the SFO (Langlet et al. 2013) . Our results modify this with two details: (i) the SFO contains numerous 'unipolar' (i.e. with one process), nonependymal cells displaying GFAP or vimentin immunoreactivity and (ii) the long glial processes found in the core originate mainly from S100-immunoreactive cell bodies of the shell; i.e., they were not tanycytic processes. The long glial processes of the dorsal and ventral stalks of the SFO are supposed to be parallel with the afferent and efferent axons interconnecting the SFO with septal and hypothalamic nuclei (Akert et al. 1961; McKinley et al. 2003) .
Surfaces: Ventricular, Pial and Cerebral
The 'cerebral surface' of the SFO was only recognizable by the quite sharp border of the shell toward the ventral hippocampal commissure. The pial surface was similar to that found throughout the brain (see, for example, Szabó and Kálmán 2008) : its laminin-immunoreactive layer represents the basal lamina toward the pial tissue, whereas the β-dystroglycan immunopositivity is attributed to the attaching subpial glial end-feet.
Aquaporin 4 has also been found along the pial surface of the brain (Jung et al. 1994; Nielsen et al. 1997) . The ventricular surface of the SFO was covered with ependymocytes and tanycytes (see, for example, Dellmann 1998; Sisó et al. 2010) , which had processes terminating on nearby vessels. On the periphery of the SFO, over the shell, the ependyma was similar to that found generally in the brain ventricles: it was cuboidal and immunoreactive to vimentin and S100 (Schnitzer et al. 1981; Didier et al. 1986 ) and aquaporin 4 (Jung et al. 1994; Nielsen et al. 1997) .The core ependyma, however, was different: it was flat and almost devoid of aquaporin 4 immunoreactivity, and may correspond to the 'squamous' ependyma described in the 'central' part of the SFO (Gross 1991) .
Significance of the Vascular Immunoreactivity for Laminin and β-Dystroglycan
Where vessels enter the brain, their 'wall' is reduced to an endothelial tube with a basal lamina. Another basal lamina, which is produced by astroglia, covers the pial surface of the brain and lines the Virchow-Robin spaces. At the end of the Virchow-Robin spaces, the two basal laminae fuse together (Caley and Maxwell 1970; Bär and Wolff 1972; Marin-Padilla 1985; Sixt et al. 2001; Hallmann et al. 2005) . According to Krum et al. (1991) , the lack of the cerebrovascular laminin-immunoreactivity is due to a masking effect of the fusion of the two basal laminae, which 'hides' the laminin epitopes and makes them inaccessible for antibodies. Laminin immunopositivity, therefore, may indicate vessel segments where the two laminae are not completely fused, as the cleft between them is not recognizable under light microscopy. For more detailed discussions, see Krum et al. (1991) and Szabó and Kálmán (2004) . The β-dystroglycan immunopositivity, which delineates the cerebral vessels (Szabó and Kálmán 2008; Uchino et al., 1996; Zaccaria et al., 2001) , is attributed to perivascular glial end-feet Walburg et al. 2009 ).
Double-walled Vessels: Vessels in Tunnels of the Pial Surface
The 'holes' in the SFO sections are actually Virchow-Robin spaces. The relatively large vessels in the middle and lateral holes may correspond to the subfornical artery and to the septal veins, respectively, on the basis of the figures of Spoerri (1963) . The outer 'walls' of the vessels are actually tunnel-like invaginations of the pial surface. The β-dystroglycan-immunoreactive layer is formed by the perivascular glial end-feet Walburg et al. 2009 ) on the outer side of the laminin-immunoreactive basal lamina of the brain tissue. The inner 'wall' is the vascular basal lamina, which is immunoreactive only for laminin. The perivascular spaces are supposed to be continuous with the subarachnoid space.
Laminin-β-dystroglycan Double Labeling Differentiates Vessel Types
Applying the same lettering as in the Results:
Types (a) and (b) are 'double walled' vessels, with wide perivascular spaces and separate parenchymal and vascular basal laminae. The weak β-dystroglycan immunostaining refers to weak glio-vascular connections in Type (a). Type (c) are 'single walled' vessels in which laminin is still detectable and co-localized with β-dystroglycan. It indicates that the basal laminae are not fused completely but their space is very narrow; i.e., invisible at the light microscopy level. It is a transitory type between Types (b) and (d). Type (d) are 'single walled' vessels, in which the lack of laminin immunopositivity indicates that the basal laminae are fused completely, as seen throughout the brain.
Our vessel classification may correspond to the types distinguished in the SFO by electron microscopy (Gross 1991) , which indicated a gradual alteration from the middle of the SFO (Type III with a considerable perivascular space) through the transitional Type I toward the periphery (Type II, without perivascular space as seen throughout the brain). We found a similar transition, from Type (a) and (b) in the core via Type (c) to Type (d) in the shell.
Vimentin and GFAP in Different Perivascular Glial End-feet
Whereas in the shell the perivascular glial sheath was continuous, in the core, it seemed to be discontinuous and loose. Vimentin and GFAP frequently occurred separately in different glial elements intermingled with each other, even when they surrounded the same vessels. Otherwise, where vimentin occurs in the astrocytes of the mature brain (corpus callosum, Bergmann-glia, reactive glia; see Schnitzer et al. 1981; Janeczko 1993) , it is co-localized with GFAP. Different intermediate filament compositions indicate different features and functions of the end-feet (Galou et al. 1994; Menet et al. 2001 ). Pixley and de Vellis (1984) suggested, for example, that vimentin-containing glial processes are especially capable of transport from fluid compartments.
Glio-vascular Structures and the Lack of the Blood-Brain Barrier
The loose perivascular glial sheath, the weak β-dystroglycan immunostaining [Type (a) vessels], and the discontinuous immunoreactivity of aquaporin 4, which characterized the core vessels, may be indirect signs of weak glio-vascular connections and leaky vessels. Nico et al. (2001 Nico et al. ( , 2003 found that aquaporin 4 is a marker of the maturation and integrity of the blood-brain barrier. Shell vessels [Type (d)] were delineated with a continuous aquaporin 4 immunopositivity, as seen throughout the brain (Goren et al. 2006; Nielsen et al. 1997) .
Where there is a perivascular space, the glial end-feet have actually no vascular contacts. Bouchaud et al. (1989) as well as Gross (1991) suggested that the larger the gliaendothelium distance, the weaker the astroglial ability to induce the formation of the blood-brain barrier in the endothelium. A 'leakage' through the endothelium and the perivascular space mutually support each other. Experiments with silver granules leaving the vessels where the bloodbrain barrier is missing (Dempsey 1968) proved the innermost part of the SFO as a privileged area of leakage. Gross (1991) also found that the blood-brain (or brain-blood) transport was more intense in the central part of the SFO.
The core proved to be more sensitive to the angiotensin II level, which may be attributed to an ease in blood-brain barrier traversal here (McKinley et al. 2003) , and this may apply to other macromolecules as well.
Aquaporin 4: Correlation with GFAP and osmometric function
The outstanding occurrence of aquaporin 4 in the shell corresponds to the distribution of GFAP (see also Venero et al. 2001; Goren et al. 2006 ) but seems to be independent from that of β-dystroglycan, to which otherwise the aquaporin 4 is anchored in the astroglial end-feet (Amiry- Moghaddam et al. 2004) . It is in accordance with the electron microscopic description of Nielsen et al. (1997) that aquaporin 4 in the SFO was not confined to the astroglial end-feet but it was distributed in the whole cells. The cytoskeleton may affect the channel proteins (Yoneda et al. 2001; Nico et al. 2004) . No aquaporin 4 co-localization with vimentin was seen, except for in the ependyma.
Aquaporin 4 is thought to increase the osmosensitivity, since it facilitates water diffusion. The water moves easily towards high osmolarity, which results in a cell deformation that may be the trigger for osmoreceptors (Noda 2007; Noda and Sakuta 2013; Venero et al. 2001; Wells 1998) . A type of sodium channel involved in the detection of this ion has been described in the glial cells of the SFO (Noda 2007) , and is known to be activated by endothelin-3 (Noda and Sakuta 2013) . Endothelin distribution also forms a shell in its co-localization with GFAP (Gebke et al. 2000) . Hence, the different glio-vascular structures in the core and shell may serve different detection functions (peptides versus small molecules and osmoperception).
Evolutionary Correlation to the Choroid Plexus?
The structure of the SFO represents a kind of transition between the choroid plexus and the brain. This is even suggested by its position at the attachment of the choroid plexus (Akert et al. 1961) . Continuity between the choroid plexus and the SFO vessels has also been suggested (Spoerri 1963) . The system of deep perivascular spaces decreases the distance between the subarachnoid and ventricular compartments. In the plexus, which is also regarded a kind of circumventricular organ (see Vígh et al. 2004) , the tissue between the two compartments is reduced to the choroid epithelium. Dempsey (1968) noted that the development of the area postrema and SFO (which he termed "intercolumnar tubercle") shares features with the development of the choroid plexus. Like the SFO, the area postrema is also positioned at the attachment of the choroid plexuses. This raises the possibility that the SFO (and maybe the area postrema, too) were the forerunners of the choroid plexus.
In conclusion, the shell and core components are distinguished by the immunoreactivity of their glia. The shell vessels resemble other cerebral vessels, whereas the features of the core vessels seem to correlate with the lack of a bloodbrain barrier. The gradual disappearance of laminin immunoreactivity may be attributed to the gradual narrowing and disappearance of the perivascular space. The perivascular vimentin and GFAP expression occur mainly in separate glial elements, indicating functional differences. Long glial processes also originate from non-ependymal cells, in addition to ependymal tanycytes. The ependyma covering the core lacks aquaporin 4. The shell and core glio-vascular structures seem to be adapted to different sensory functions: osmoperception and the perception of circulating peptides, respectively.
